Striking sex difference was detected in the expression of estrogen receptor (ER)␤
Implantation of microcannulae containing antiestrogens into the AVPV suppressed spontaneous luteinizing hormone surges (17) .
In the present study, striking sex difference, detected in the ER␤ expression in the AVPV, was reversed by altering neonatal steroid environment. ER␤ mRNA and ER␣ immunoreactivity colocalized in many AVPV cells, some of which would be dopaminergic in nature. Infusion of ER␤ antisense oligonucleotides prolonged vaginal estrus and was accompanied by a 50% reduction of ER␤ immunoreactivity.
Materials and Methods
Subjects. Female and male Sprague-Dawley rats (Saitama Experimental Animals, Saitama, Japan) were used on postnatal d 7, 14, 21, 35, or 60 (d 1 ϭ the day of birth) for brain morphometry. They were maintained in a controlled environment at 23°C with a 12-hr light͞12-h dark cycle (lights on at 11 a.m.). The weaning occurred on d 21. Free access to laboratory chow and water was allowed thereafter. A cohort of animals underwent endocrine manipulations as neonates or pups: males were orchidectomized under hypothermia on d 1; females received daily s.c. injections of 10 g 17␤-estradiol benzoate (Sigma) in oil on d 1 through d 10. All juvenile males and females were used without gonadectomy.
ER␤ mRNA expression was determined on d 14 in each sex and in each experimental group (n ϭ 5 in each; total n ϭ 20) by means of in situ hybridization histochemistry. ER␤ protein and tyrosine hydroxylase were visualized in d 21 males and females. After the confirmation of the sex difference in the distribution pattern of ER␤ in the AVPV at both d 14 and d 21, we also looked at adult animals. The males and females were gonadectomized under i.p. pentobarbital sodium (35 mg͞kg body weight) and killed for examination of ER␤ mRNA on d 60. Simultaneous visualization of ER␤ mRNA and ER␣ protein was accomplished in ovariectomized adult females. For oligonucleotide infusions, adult intact females were screened for their regular cyclicity before use.
Tissue Preparation. The animals were anesthetized with an overdose of pentobarbital sodium, and perfused through the heart with 0.1 M PBS, pH 7.4, followed by ice cold 4% (wt͞vol) paraformaldehyde fixative in 0.1 M phosphate buffer. The brain was removed and postfixed in the fixative at 4°C overnight and then transferred into 30% sucrose in 0.1 M phosphate buffer Abbreviations: ER, estrogen receptor; POA, preoptic area; AVPV, anteroventral periventricular nucleus. † To whom reprint requests should be addressed at: Department of Physiology, Nippon Medical School, Sendagi 1, Bunkyo, Tokyo 113-8602, Japan. E-mail: orikasa@nms.ac.jp.
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until it settled. Serial coronal sections (20-m thick) that encompassed the organum vasculosum of the lamina terminalis (OVLT) rostrally and the medial preoptic nucleus caudally, were cut by a cryostat and mounted onto silan-coated (Shinetsu Silicon Chemicals, Tokyo) slides. Six series of slides were prepared for each brain, and serial sections were distributed to them in sequence, so that every sixth section, all 120 m apart, was mounted on each. They were stored at Ϫ80°C until further processing.
In Situ Hybridization Histochemistry. The in situ hybridization method used has been described (18) . Briefly, full-length rat ER␤ cDNA was ligated into pBluescript KS(ϩ), linearized with NotI, and transcribed by T3 RNA polymerase in the presence of digoxigenin (DIG)-11-UTP (Roche Molecular Biochemicals) to prepare an antisense probe. ER␤ cDNA, linearized with ClaI and transcribed by T7 RNA polymerase, was used as a sense probe. Full-length rat ER␣ cDNA was ligated into pBluescript SK(ϩ), linearized with BamHI, and transcribed by T7 RNA polymerase with DIG-11-UTP to prepare an antisense probe. ER␣ cDNA, linearized with HindIII and transcribed by T3 RNA polymerase, was used as a sense probe. The labeled probes were precipitated, purified, and then diluted to 20 g͞l with diethyl pyrocarbonate-treated water.
The sections were passed through a series of 0. Throughout the experiment, care was taken to perform all procedures under fixed conditions. Analyses of the sex differences or the effects of neonatal endocrine manipulations were made between sections that underwent similar, simultaneous processing. Otherwise, to allow for comparison, temperature and other hybridization requirements and reaction times for visualization were kept constant for all experiments.
Specificity of the Probe. ER␤ cRNA probe used in the present study hybridized in the paraventricular and supraoptic nuclei, which have been established to express ER␤ mRNA across species (4, 9, (19) (20) (21) and in the ER␣ knockout mouse (22) . The specificity of the ER␤ probe is further supported by the overlap of the hybridization signals and ER␤ immunoreactivity in the AVPV in the present study ( Fig. 1 and Fig. 2 ).
Morphometric Analysis. The sections were matched on anatomical landmarks that included the OVLT, third ventricle, anterior commissure, and optic chiasm and were compared across animal groups. Photomicrographs were made at 670ϫ at 120-m intervals. Identification of cells with hybridization signals was based on blue͞purple stains in the cytoplasm, with a distinctive boundary toward the background. The nucleus remained clear. The number of labeled cells was tallied by two experimenters who were blind to the treatment. Two groups of data thus produced closely coincided without significant difference in paired t tests. Medial-lateral distribution of the labeled cells in each section was analyzed by dividing the POA into six vertical strips at the level of the AVPV, each 50-m wide, with the medial-most strip including the ependyma of the third ventricle.
Immunohistochemistry for ER␣, ER␤, or Tyrosine Hydroxylase. The sections were rinsed in PBST (0.1 M PBS͞0.5% Triton X-100), treated with 3% (vol͞vol) H 2 O 2 in methanol for 15 min, and incubated for 2 h with 5% (vol͞vol) normal goat serum in PBST that contained 1% BSA and 0.07% sodium azide. The sections were reacted overnight with either anti-rabbit ER␣ serum (MC-20, Santa Cruz Biotechnology, 1:4,000 in BSA-PBST), anti-rabbit ER␤ serum (Zymed, 1 g͞ml) or anti-rabbit tyrosine hydroxylase serum (Chemicon, 1:1,000 in BSA-PBST). Immunoparticipate was visualized by an ABC Elite kit and 3,3Ј-diaminobenzidine (DAB) methods (Vector Laboratories). Some sections were hybridized initially for ER␤ mRNA and subsequently processed for ER␣ immunoreactivity in the nucleus. Simultaneous immunohistochemical labels for nuclear ER␤ and cytoplasmic tyrosine hydroxylase were performed by a nickelintensified DAB method for ER␤ and DAB for tyrosine hydroxylase.
Effect of ER␤ Antisense Oligonucleotide on Vaginal Cyclicity. Antisense and scramble oligonucleotides were synthesized as phosphorothioated 20-mer. The antisense oligo was targeted as complement to the initiation site of ER␤ gene translation (5ЈTGTCATAGCTGAATACTCAT3Ј). Scramble oligo was sequenced as 5ЈTGACGTATCACCGTCATCGT3Ј. Possible complementarity of the oligos to other eukaryotic gene was precluded on the GenBank database. Oligos were dissolved in 0.9% saline to a final concentration of 840 ng͞l. An Alzet osmotic minipump with a nominal pumping rate of 0.5 l͞h (Model 2002, Durect, Cupertino, CA) was loaded with oligo or saline. Female rats (n ϭ 25) were screened for regular vaginal cyclicity over a 2-week period. They were anesthetized with a combination of pentobarbital sodium (25 mg͞kg) and ketamine hydrochloride (25 mg͞kg) for stereotaxic placement of the cannula in the third ventricle with its tip next to the AVPV. The cannula was chronically fit to the skull by dental cement. The pump was placed s.c. in the interscapular region and connected to the cannula by polyethylene tubing (PE60). After their recovery, daily examination of vaginal smear was begun and continued for 14 days until the animals were perfused. Mean successive days of vaginal estrus, which would be 1.0 in regular cycling animals, were determined. Cannula placements were confirmed, and the brain was processed for ER␤ immunoreactivity in the AVPV.
Statistics. Analyses of medial-lateral distribution of ER␤-positive cells in the AVPV were accomplished by dividing the nucleus into vertical, 50-m wide strips in coronal sections. ANOVA and Student-Newman-Keuls test were used to compare corresponding subdivisions of the AVPV between animal groups. Numbers of ER␤ immunoreactive cells in the AVPV after the oligonucleotide infusion were analyzed by 2 factorial ANOVA (2 oligos ϫ 4 sections; scramble vs. antisense, 4 sections in repeated measures). The mean length of successive days in estrus was determined in each experimental group (saline, scramble, and antisense), which were analyzed by ANOVA, followed by Student-Newman-Keuls test. The criterion level of significance was set at P Ͻ 0.05.
Results
ER␤-Positive Cells. In the forebrain of both sexes, cells with ER␤ mRNA or protein were found rostrally in the AVPV (Figs. 1 and  2 ) and this pattern was consistent throughout the ages studied (d 7 through d 60). In the more caudal sections, they dispersed caudally into the medial preoptic nucleus and the bed nucleus of the stria terminals (Fig. 3) . The overlap of ER␤ immunoreactivity and the hybridization signals in the AVPV indicates that the ER␤ message was translated into ER␤ protein in these structures.
Sex Difference in ER␤ Expression. Females had a larger number of ER␤ mRNA-positive cells in the medial-most portion of the AVPV in a dense aggregate within 50 m from the ependymal lining of the third ventricle, whereas the labeled cells dispersed laterally in males (Fig. 1) . The sexual dimorphism in ER␤ mRNA expression was maintained from d 7 through d 60 (data not shown). Immunohistochemistry revealed a similar sexually dimorphic expression of ER␤ protein (Fig. 2) . The difference was confined to the AVPV. We did not detect any gross sex differences in the pattern of ER␤ expression in the medial preoptic nucleus and the bed nucleus of the stria terminals (Fig. 3) .
Topographic Analysis of the Sex Difference. When determined in 50 m-wide vertical strips in the coronal section of the AVPV, the number of ER␤ mRNA-positive cells in the medial-most portion of the AVPV up to 100 m from the ependyma of the third ventricle was significantly larger in the females (n ϭ 5) than in the males (n ϭ 5; Fig. 4 ). On the other hand, in the more lateral strips, which extended over 150-300 m from the ependyma, the males had a larger number of ER␤ mRNA-positive neurons than the females. Thus, the distribution pattern, but not the total number of ER␤ mRNA-positive neurons (female, 126 Ϯ 9; male, 125 Ϯ 7, mean Ϯ SE), was different between the sexes.
Neonatal Endocrine Manipulations. Orchidectomy of male neonates or estrogen treatment of female pups reversed the sex difference in ER␤ mRNA expression in the AVPV when examined on d 14 (Fig. 5) . Statistical analyses detected no difference between the female and the neonatally orchidectomized males on the one hand, and between the male and the estrogenized females on the other (Fig. 4) .
Colocalization of ER␤ and ER␣.
In situ hybridization for the two ERs in alternate POA sections of d 14 females revealed partial overlap in the distribution of ER␤ and ER␣ mRNA-positive cells. Whereas ER␤ mRNA signals were highly concentrated in the medial portion of the AVPV, ER␣ mRNA signals in the AVPV dispersed laterally in a similar pattern in both sexes, albeit with a higher expression in the females than in the males (Fig.  6 ). Simultaneous visualization of ER␤ mRNA and ER␣ protein in same sections revealed that 83 Ϯ 4% (mean Ϯ SE, n ϭ 3) of ER␤ mRNA-positive cells in the female AVPV were immunoreactive to ER␣ antibody (Fig. 7) .
Tyrosine Hydroxylase and ER␤. In d 14 females, the distribution of tyrosine hydroxylase immunoreactive neurons in the AVPV overlapped that of ER␤ mRNA-positive neurons. Colocalization was not detected in the males. Tyrosine hydroxylase immunoreactive neurons were confined in the female AVPV, in a comparable pattern to that of ER␤ mRNA-positive neurons (Fig. 8) . In the AVPV of a d 21 female, tyrosine hydroxylase immunoreactivity was visualized in 28 Ϯ 7 (mean Ϯ SE, n ϭ 5) among 154 Ϯ 32 ER␤ immunoreactive cells (18 Ϯ 3%) within the 100-m boundary from the ependymal lining (Fig. 9) .
Antisense Oligonucleotide Infusion. Animals injected with antisense oligonucleotide against ER␤ showed a prolonged vaginal estrus of 2.6 Ϯ 0.3 (mean Ϯ SE, n ϭ 10) days in succession, whereas control animals infused with saline (1.2 Ϯ 0.1 days, n ϭ 8) or those that received scrambled oligonucleotide (1.7 Ϯ 0.3 days, n ϭ 7) had significantly fewer successive days of estrus (P Ͻ 0.01 by Student-Newman-Keuls test). The number of ER␤ immunoreactive cells in the AVPV of animals that received antisense oligonucleotide was 132 Ϯ 11 (mean Ϯ SE, n ϭ 6), which was a 50% reduction when compared with that in animals infused with scrambled oligonucleotide (258 Ϯ 1, n ϭ 3). The reduction was statistically significant (F [1, 3] ϭ 493.5, P Ͻ 0.001). 
Discussion
In the AVPV, females have a greater density and a larger number of ER␤-positive cells than males. The distinctive sex difference was detected in immature rats as early as d 7 and was maintained into adulthood. Orchidectomy of male neonates or estrogen treatment of female pups, which are well established to alter sex-specific reproductive capability, resulted in a complete sex reversal of the sexual phenotype of the AVPV. Indeed, the ER␤ in AVPV may mediate, at least in part, the actions of estrogen to promote ovulation, because infusion of antisense oligonucleotides against ER␤ mRNA prolonged vaginal estrus while producing a 50% reduction of ER␤ immunoreactivity.
In addition to the AVPV, ER␤ hybridization signals and immunoreactivity were visualized in the more lateral portion of the POA, the paraventricular, supraoptic, and ventromedial nuclei of the hypothalamus, and the medial amygdala in both sexes. Expression of ER␤ in the supraoptic nucleus was less intense, and no signals were found in the arcuate nucleus, in which ER␣ predominated. This pattern of distribution, including that in the AVPV, agrees well with earlier reports (4) (5) (6) .
ERs play important roles in the sexual differentiation of the brain (23) . The survival of reproductive behavior in ER␤ gene-deficient male mice (24) or the lack of territorial aggression in male mice carrying disruption of ER␣ gene (25) implicates ER␣ in the brain sexual differentiation toward the male phenotype. Observations in ER␣-knockout male mice, in which more tyrosine hydroxylase immunoreactive cells have been visualized in the AVPV, as in wild-type females but different from that in normal males (26) , also favors this interpretation. Because 83% of ER␤ mRNA-positive cells coexpressed ER␣ immunoreactivity in the female rat AVPV, it is likely that sexual differentiation of this structure depends on ER␣ as in dopaminergic cells (15) .
In the males, ER␤-positive cells are spread over into the more lateral portions of the AVPV than the females. As a result, the total number of ER␤-positive cells within the AVPV was not different between the sexes. It is possible that the observed sex difference in the distribution pattern of ER␤-positive cells in the AVPV is caused by neuronal migration, as in the ventromedial nucleus of the hypothalamus (27, 28) . The results of previous studies, however, do not support steroid-dependent neural migration in the sexual differentiation of the AVPV or POA in general. Perinatal androgen decreases the nuclear volume of the AVPV of female rats through enhanced apoptosis (29) . Apoptosis also is implicated in the establishment of the sexually dimorphic nucleus of the POA (30) . Neuronal birth or death during development cannot be ruled out in the observed sex difference in the ER␤-positive cells.
The AVPV has been reported to contain sexually dimorphic populations of dopaminergic (15) , peptidergic (31), or opiate (32) neurons, as well as those with different glutamate-receptor subunits (33) . A greater density and number in the female rat AVPV have been demonstrated for dopaminergic (15) or opiate (32) neurons. In the present study, the distribution of ER␤-positive cells and dopaminergic neurons overlapped in the females but not in the males. This difference corroborates the interpretation that the observed sex difference in ER␤ expression in this study was not merely a result of the sex difference in the total population of AVPV neurons. An enhanced dopaminergic activity in the POA preceding ovulation further implicates dopaminergic transmission in this process (34) .
Lesions spreading over the AVPV induce persistent vaginal estrus, indicating that the AVPV is indispensable for regulation of the ovulatory surge of luteinizing hormone (16) . The results of antisense oligonucleotide infusion, which prolonged vaginal estrus along with diminished ER␤ expression in the AVPV, implicate ER␤-positive neurons in this structure in the induction of ovulatory surge of luteinizing hormone. ERs regulate gene transcription for luteinizing hormone secretion (35) . In vitro studies have shown that ER␣ and ER␤ exert alternate effects on gene transcription (36) . ER␤ may repress transcriptional activity of ER␣ (19, 37) presumably by forming a heterodimer (38, 39) . In the present study, we found that a majority of ER␤ neurons in the female rat AVPV coexpresses ER␣, which enables possible interactions between ER␣ and ER␤ (11) . The presence of both ER␣ and ER␤ in identical neurons may result in a unique regulation of transcription, which may be liable to disruption by antisense and culminates in the disruption of neural signals for ovulation.
In conclusion, this study shows that sexually dimorphic distribution of ER␤ mRNA-positive neurons in the AVPV colocalized with ER␣, suggesting that the ER␤-positive neurons in the AVPV may play an important role in controlling the secretion of luteinizing hormone and the ability of luteinizing hormonereleasing hormone neurons to respond to estrogen.
